We have cloned the cellular sequence termed box DNA from the enhancer region of polyomavirus F9 mutant fPyF9. Box DNA functions as a negative transcriptional element (silencer) in undifferentiated F9 cells but not in differentiated L cells. Plasmid DNAs containing the origin and enhancer of polyomavirus were used to measure simultaneously transcriptional and replication activities in transfected cells. DNA replication activity was significantly reduced under conditions in which the silencer was able to reduce enhancer activity in F9 cells. On the other hand, when the silencer could not repress enhancer activity in MOP-8 cells, which are mouse NIH 3T3 cells producing polyomavirus T antigen constitutively, replication activity was still intact. The silencer itself had no effect on DNA replication or transcription in either type of cells. Furthermore, the insertion of a 6-base oligonucleotide within a consensus sequence of box DNA abolished the repressive effect of the silencer on DNA replication and enhancer activities. These results suggest that enhancer factors, interacting with silencer factors, may be closely associated with the mechanism of replication.
Gene expression in eucaryotic cells is believed to be controlled by trans-acting factors and a cis-acting transcriptional element such as the promoter, enhancer, or silencer (33) . Recent studies on the p-globulin gene (1) and the simian virus 40 and adenovirus genes (11) suggest that DNA replication plays an important role in transcriptional activation. Activations of DNA replication and transcription may be closely related. An interesting question is how the transient breakdown of higher-order chromatin structure brought about by DNA replication can affect transcription.
The silencer, the negative regulatory element originally discovered at the MAT locus in Saccharomyces cerevisiae (6) , is known to be an opposite counterpart of the enhancer. The S. cerevisiae silencer has multiple functions, including autonomous replication and centromerelike segregation functions (23) . Furthermore, transcriptional repression by the silencer is closely associated with repression of autonomous replication (1) . This fact shows that transcriptional control by the silencer, like that by the enhancer, may require DNA replication. Therefore, the interactions between silencer and enhancer are thought to regulate of both RNA transcription and DNA replication.
Virus systems have provided good tools for studying RNA transcription and DNA replication. In the transcriptional machinary of simian virus 40, sequence-specific trans-acting factors such as the TATA box factor (18) , Spl and Sp2 in promoter sequences (1) , and AP1, AP2, AP3, and AP4 in enhancer sequences (25) have been identified. In addition, the simian virus 40 ori-core sequence responds to transcriptional functions (8-10, 19, 21, 27) . Polyomavirus (PyV) also offers a good model system for studying the correlation between transcriptional activation and DNA replication. An enhancer element, consisting of six GGGCGG boxes, is required for PyV ori-dependent DNA replication (12, 28, 37 We have cloned the PyV mutant fPyF9, which is capable of replicating in an episome in undifferentiated F9 cells (2) . fPyF9 contains three copies of cellular sequences in the enhancer region; the consensus sequence of the inserts, GCATTCCATTGTTGTCAAAAG, is termed box DNA (2). Box DNA has been found to function as a negative regulatory element (silencer) in undifferentiated cells by an enhancerlike mechanism (3).
Here we describe the interaction of enhancer and silencer in DNA replication. A chimeric plasmid containing enhancer, silencer, and ori repressed transcriptional enhancer activity as well as PyV DNA replication. The results suggest that the interaction of silencer and enhancer plays an important role in regulating transcription and DNA replication.
MATERIALS AND METHODS Construction of CAT plasmids. The nucleotide-numbering scheme for PyV proposed by Soeda et al. (35) was used. All plasmids used in this study are depicted schematically in Fig.  1 . To construct pUC-CAT, the chloramphenicol acetyltransferase (CAT) fragment was obtained by digestion of pSV2CAT (15) PyNRS with PvuII, the enhancer region spanning from the PvuII (nt 5262) to the PstI (HphI) site was obtained and cloned into the SmaI-PstI site of pUC-CAT.
CAT plasmids containing box DNA were constructed by introduction of synthethic box DNA, GCATTCCATTGT TGTCAAAAG, which has BamHI sites at both ends, into the BamHI site of pPyNRS-CAT(+), pPyNRS-CAT(-), or pOri-CAT. The mutation within box DNA was made by insertion of a chemically synthesized XhoI linker (Fig. 1D ) into box DNA. Plasmid DNAs used for transfection experiments were purified by standard manipulation, including two cycles of CsCl-ethidium bromide centrifugation. Plasmids with the desired sequences were confirmed after direct sequence analysis (31, 32) .
Cells and cell culture. F9-28 cells and MOP-8 cells were obtained from T. Muramatsu and J. A. Hassel (26), respectively, and grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. F9-28 cells harbor fPyF9 at high copy number and express a large amount of T antigen.
Transient replication assay. Transfection of MOP-8 cells was carried out by the Polybrene method. Cells at a density of approximately 106/100-mm-diameter dish were refed with 3 ml of fresh medium, and 1 p.g of DNA in 0.2 ml of 0.3-mg/ml Polybrene was added. At 6 h after incubation at 37°C, 4 ml of 20% dimethyl sulfoxide was added to the medium. At CAT(+) after Southern blot analyses, a probe specific to the CAT gene was used to differentiate between replicated fPyF9 and plasmid-transfected F9-28 cells, since the CAT gene is contained in all of the test plasmids but not in fPyF9.
Box DNA silencer represses DNA replication activated by the enhancer. The replication efficiencies of the CAT plasmids pOri-CAT, pB(+)PyNRS-CAT, and pPyNRS-CAT(+)
were measured after transfection of DNAs into MOP-8 and F9-28 cells, both of which constitutively express PyV T antigen. At various days after transfection, low-molecularweight DNA was extracted by the Hirt method (20) , cut with BamHI and DpnI to digest methylated input DNA, and subjected to Southern analysis (Fig. 2) . pOri-CAT was shorter by 241 base pairs than pPyNRS-CAT(+) and pPyNRS-CAT(-). Replication activities of DNAs were compared with the density of the linear-form DNA. DpnIresistant linearized fragments were observed in two CAT plasmids, pPyNRS-CAT and pPyNRS-CAT containing box DNA [pB(+)PyNRS-CAT] but not in pOri-CAT, which was deleted in the enhancer region (BclI-PvuII fragment; Fig. 1 ) (Fig. 2) . The CAT plasmid containing the PyhrN2 enhancer, pPyNRS-CAT(+), replicated well in both MOP-8 and F9-28 cells, showing that the PyhrN2 enhancer could significantly stimulate ori-dependent DNA replication in both types of cells. The wt PyV enhancer was capable of stimulating replication only in MOP-8 cells, as previously reported (data not shown). The CAT plasmid containing box DNA, pB(+)PyNRS-CAT, replicated at lower levels during 3 days than did box DNA-less pPyNRS-CAT in F9-28 cells. However, in MOP-8 cells, the levels of replication of both plasmids were similar even in the presence of box DNA, suggesting that DNA replication activation by the enhancer is inhibited by box DNA silencer only when the silencer functions in F9 cells.
Transcription and DNA replication repressed by the silencer. To test the extent of repression by the silencer in both transcription and DNA replication, transcription and DNA replication activities were measured by using the CAT plasmids pOri-CAT, pPyNRS-CAT, and pBPyNRS-CAT. DNA Box DNA silencer represses DNA replication by an enhancerlike mechanism. The monomer of box DNA was inserted into the BamHI site of pPyNRS-CAT(+) and pPyNRS-CAT(-), and the resultant pB(+)-PyNRS-CAT, pB(-)PyNRS-CAT, pPyNRS-CAT-B(+), or pPyNRS-CAT-B(-) was used to examine the effect of position and orientation of box DNA on silencing action (Fig. 3) . Mutation analysis of box DNA. To confirm the repression of DNA replication by box DNA silencer, mutation analysis was carried out. An XhoI linker (CTCGAG) was inserted in the box DNA of the CAT plasmids used in the experiments described above. The results of CAT activity were consistent with the results presented in the accompanying paper (3) , which show that the consensus sequence of box DNA is important for silencer action. When the transcriptional effect of box DNA was inhibited by the mutation at the center of the consensus sequence of box DNA, Ml GAGCATTGTTGTCAAAAG) (Fig. 4) , the level of DNA replication increased (Fig. 5) . Insertion of an XhoI linker at the ends of consensus sequences (M2) and out-of-consensus sequences (M3) had a little and no effect on DNA replication and transcription, respectively. This effect of mutated box DNA on both activities was independent of position (pMlPyNRS-CAT and pPyNRS-M1-CAT, for example). The results obtained (summarized in Table 1 ) indicate that box DNA is capable of repressing DNA replication as a result of the reduction in enhancer activity. DISCUSSION In this study, we showed that box DNA silencer represses PyV ori-dependent DNA replication by inhibition of transcriptional enhancer activity. For this experiment, the PyhrN2 enhancer (34) was selected for the following reasons: (i) the PyV enhancer contains multiple redundant sequence elements that activate both DNA replication and RNA transcription (12, 28) . Therefore, the action of the silencer is understandable with respect to both DNA replication and transcription. (ii) The silencer of interest in this study functions in undifferentiated mouse F9 cells. The PyhrN2 enhancer is also necessary for PyV to replicate in F9 cells, whereas wt PyV cannot replicate in F9 cells. PyhrN2, the host-range mutant of PyV, has a point mutation (G to C at nt 5230) and duplication of the region spanning from nt 5181 to nt 5246 but has the same ori sequence as wt PyV (34) . By using plasmids containing the silencer, PyhrN2 enhancer, and ori linked to the CAT gene, we investigated the interaction between box DNA silencer and PyhrN2 enhancer on ori-dependent DNA replication and CAT expression.
The PyV enhancer-ori fragment essential to DNA replication was inserted into the polylinker region of pUC-CAT. Almost all of the polylinker regions present in pPyNRS-CAT( +) and pPyNRS-CAT( -) were located upstream of the PyhrN2 enhancer and downstream of the CAT gene, respectively. Also, the PyhrN2 enhancer-ori fragment cloned in pBR322 as a control contained no polylinker region. Two kinds of CAT plasmids gave approximately similar levels of both DNA replication and transcriptional activities (Fig. 3) , indicating that the location or presence of polylinker in the plasmid had no effect on either activity.
Wt PyV DNA replication cannot occur in F9 cells, since the enhancer is not activated in these cells (11, 38) . Another question of interest is whether the wt PyV enhancer can activate ori-dependent DNA replication in F9-28 cells when T antigen is supplied. Results of our preliminary experiment, using a transient replication assay, indicated that the wt PyV enhancer was unable to activate DNA replication even though the ori sequence of wt PyV was the same as the PyhrN2 sequence (data not shown). It is possible that the factor(s) present in F9 cells that inhibits transcriptional activation by the enhancer also inactivates PyV ori-dependent DNA replication. Therefore, the factor identified as a silencer-binding protein (3) may be a candidate.
We have showed that an enhancer in the c-myc gene is capable of activating DNA replication according to its transcriptional activation (22) . This enhancer appears to be functionally similar to the PyV enhancer. It has been reported that a silencer is present near or in an enhancer region, such as the long terminal repeat of human T-cell lymphotropic virus type III (30) , the 1-interferon gene (14) , the c-myc gene (29) , and the p53 gene (4) . Therefore, the interaction between silencer and enhancer may have an effect both on transcription and on DNA replication. Thus, PyV DNA replication may be a good model system for studying the mechanism of the interaction between the two.
